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Abstract. The time-clustering behaviour of the seismicity of
the Caucasus spanning from 1960 to 2010 was investigated.
The analysis was performed on the whole and aftershock-
depleted catalogues by means of the method of Allan Factor,
which permits the identiﬁcation and quantiﬁcation of time-
clustering in point processes. The whole sequence is featured
by two scaling regimes with the scaling exponent at inter-
mediate timescales lower than that at high timescales, and a
crossover that could be probably linked with aftershock time
activiation. The aftershock-depleted sequence is character-
ized by higher time-clustering degree and the presence of a
periodicity probably correlated with the cyclic earth surface
load variations on regional and local scales, e.g. with snow
melting in Caucasian mountains and large Enguri dam oper-
ations. The obtained results were corroborated by the appli-
cation of two surrogate methods: the random shufﬂing and
the generation of Poissonian sequences.
1 Introduction
The investigation of the temporal ﬂuctuations of seismicity
represents an important step to perform in order to gain a
better knowledge of the dynamics of the seismic process un-
der study. For instance, this issue can be considered as a
crucial aspect to consider in the general framework of stud-
ies devoted to the seismic hazard, to the feasibility and re-
liability of the probability estimation of occurrence of fu-
ture earthquakes, to the knowledge of the statistical distri-
bution of earthquake occurrence. The Poissonian distribu-
tion, characterized by an exponential decreasing function
of the seismic interevent time, models seismic sequences
that appear to be homogeneously distributed on time, and
explains some characteristics like absence of memory, ab-
sence of correlation and independence of all the earthquakes.
But, at both short and long timescales, earthquakes corre-
late with each other (Kagan and Jackson, 1991). The time-
correlation in seismic sequences is manifested by the prop-
erty of time-clusterization: seismicity evolves through time
changing from phases of high temporal density of events
to phases of low temporal density, giving to the whole se-
quence the feature of ensemble of clusters (Telesca et al.,
2000). Time-clustering structures in earthquake sequences
were identiﬁed by using the coefﬁcient of variation, which
is deﬁned as the ratio between the standard deviation and
the mean value of the interevent times, or by means of the
histogram interevent times, which estimates the probability
density function of the interevent time. Both these measures
are not sufﬁcient to fully characterize the time-clusterization
of a sequence, because the ﬁrst is not informative of the tem-
poral ranges over which the sequence is time-clusterized, the
second is not informative of the correlation properties of the
sequence that are linked with statistics of the second order.
The identiﬁcation of clusterized behaviour in seismicity was
performed at a regional and local level (Telesca et al., 2001,
2009), revealing also a non-trivial relationship with space
(Telesca et al., 2003), time (Telesca et al., 2007) and mag-
nitude (Telesca and Macchiato, 2004).
2 Study area
The Caucasian segment of the Mediterranean Alpine Belt is
located between the still converging Eurasian and Africa-
Arabian lithosphere plates and is a typical wide zone of
continent–continent collision. The main tectonic units of
Caucasus are platform and fold-thrust units, which from
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Fig. 1  350  Fig. 1. Schematic map of the seismic sources of Caucasus.
north to south are the Scythian (pre-Caucasus) young
platform; the fold-thrust mountain belt of the Great Cauca-
sus including zones of the Fore Range, Main Range, and
Southern Slope; the Transcaucasian intermountain depres-
sion superimposed mainly on the rigid platform zone (Geor-
gian massif); the Achara-Trialeti and the Talysh fold-thrust
mountain belts; the Artvin-Bolnisi rigid massif; the Loki
(Bayburt)-Karabagh-Kaphan fold-thrust mountain belt; the
Lesser Caucasus ophiolitic suture; the Lesser Caucasian part
of the Taurus-Anatolia-Central Iranian platform; and the
Aras inter-mountain depression at the extreme south of the
Caucasus (Fig. 1). According to GPS data, the rate of the
convergence is ∼20–30mmy−1, of which 2/3 is accommo-
datedintheSevan-Akeraophioliticsutureandtherestchieﬂy
by crustal shortening inside South Caucasus. The tectonic
movement of plates formed a net of active faults. Though
the two largest events in Caucasus, Spitak (1988, M = 6.9)
and Racha (1991, M = 6.9) earthquakes, occurred within a
14 month interval, the recurrence time of strong earthquakes
is large enough. Comparison of model probabilistic seismic
hazard (PSH) map with real maps of seismic shaking for
the last century shows that the optimal PSH map, which
does not miss strong events, is a map for 2% probability
of being exceeded in 50 yr, i.e. for average recurrence time
2500yr (Chelidze and Javakhishvili, 2003; Matcharashvili et
al., 2009).
In this study we present the analysis of the time ﬂuctu-
ations of the 1960–2010 seismicity of Caucasian area, fo-
cusing on the time-clustering behavior of the earthquakes.
We investigated the seismicity that occurred from 1 Jan-
uary 1960 to 31 December 2010 with depth h ≤50km. The
data were extracted from earthquake catalogue for Caucasus
and the adjacent territories of Northern Turkey and North-
ern Iran available at the Institute of Geophysics and Seis-
mic Monitoring Center, Tbilisi, Georgia. The total number
of the events in the catalogue is 63254 for magnitude rang-
ing between 0 and 7. The completeness of the catalogue was
checked by the Gutenberg-Richter law and the number of
earthquakes versus magnitude was computed to get the com-
pleteness magnitude Mc, which in this study is deﬁned as the
magnitude at which a power law can model 90%, or more,
of the frequency-magnitude distribution (Wiemer and Wyss,
2000). Figure 2 shows that the completeness magnitude Mc
of the whole Caucasian catalogue (black circles) is 2.0 and
the b-value, estimated by using the maximum likelihood es-
timation method (Aki, 1965), is 0.677. Since large events ac-
tivate aftershocks, which increase the time-clusterization of
the seismicity, in order to avoid bias in the time-clustering
behavior due to the presence of aftershocks, we declustered
the catalog by means of the Reasenberg’s algorithm (1985)
producing a data set of 46802 events, whose completeness
magnitude Mc, deﬁned as above, is 2.2 and the b-value is
0.725 (Fig. 2, downward red triangles). From Fig. 2 we can
also observe that the magnitude-frequency distributions of
the whole and the aftershock-depleted catalogues are almost
identical at high magnitudes.
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Fig. 2. Cumulative frequency-magnitude of the whole (black cir-
cles) and aftershock-depleted (downward red triangles) catalogues.
The plot shows also the binned frequency-magnitude distribution
of the whole (upward black triangles) and aftershock-depleted (up-
ward red triangles) catalogues.
3 Allan Factor method and data analysis
A seismic sequence is a realization of a marked stochastic
point process that describes earthquakes occurring randomly
in time and marked by their magnitude. Such representation
was also utilized to model diverse point processes like light-
ning (Telesca et al., 2005), starquakes (Telesca, 2005), solar
ﬂares (Telesca, 2007), ﬁres (Telesca and Song, 2011) or an-
thropic events (Telesca and Lovallo, 2006, 2007, 2008). One
of the main properties to investigate in a point process is the
time-clustering, which, if present, leads to power-law shaped
statistics (Thurner et al., 1997), whose exponent quantiﬁes
the degree of clusterization. The method used to detect and
quantify the time-clustering in the seismic sequences is the
Allan Factor (AF). This method provides the estimation of
the scaling exponent in fractal point processes, permitting
to discriminate between Poissonian sequences (whose frac-
tal exponent is nearly zero) and clusterized processes (whose
fractal exponent is signiﬁcantly larger than zero). The AF
method represents the counterpart in the point process do-
main of the power spectral density, which is the well-known
method to identify and quantify correlation structure in con-
tinuous time domain. Therefore, like the power spectral den-
sity, if the AF is almost ﬂat for all the timescales, then the
point process is memoryless, uncorrelated, indicating that a
Poissonian model is well suited to ﬁt the temporal distribu-
tion of the events; otherwise, if it behaves as a power law of
the timescale, the process is time-clusterized and the numer-
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Fig. 3  354  Fig. 3. Allan Factor curve for the whole catalogue.
ical value of the power-law exponent, which is the fractal ex-
ponent, quantiﬁes the strength of the inner time-correlations.
The method is based on a counting process representation
of the earthquake sequence, in which each event is a Dirac’s
delta centered on the occurrence time, with amplitude corre-
sponding to the magnitude. The observation period is divided
into equally spaced contiguous counting windows of dura-
tion T, and a sequence of counts {Nk(T)} is produced, where
Nk(T) is the number of events falling into the k-th window
of duration T. The duration T is called timescale. The AF
is given by the variance of successive counts for a speciﬁed
timescale T divided by twice the count average
AF (T) =
< (Nk+1(T)−Nk(T))2 >
2 < Nk(T) >
. (1)
Since the AF is deﬁned through the difference of successive
counts, the nonstationarities, at least of the ﬁrst order, are
removed(Viswanathanetal.,1997).VaryingthetimescaleT,
a relationship AF(T)∼T is obtained and the time-clustering
of the sequence can be revealed by the power-law,
AF(T) = 1+

T
T1
α
(2)
with 0<α<3 (Lowen and Teich, 1995). In this case the seis-
mic sequence is clusterized with degree α. For Poissonian
sequences, the AF is approximately ﬂat, with value close to
1 for almost any available timescale. The timescale T1 is the
fractal onset time and indicates the crossover between Pois-
sonian behavior and clusterization.
Figure 3 shows the AF of the whole Caucasian seismic
sequence (M ≥ 2.2) for timescales T varying from 10min
to about 5yr; the upper timescale, which is nearly 1/10 of
the whole period, is due to poorer statistics if consider-
ing higher timescales. The AF curve shows several features:
(i) The process is not Poissonian because the AF, plotted in
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Fig. 4. Allan Factor curve for the aftershock-depleted catalogue.
bilogarithmic scales, is not constant for any timescale, but
shows different dynamical regimes with scaling behavior;
(ii) the lower timescale region up to approximately 3h repre-
sents the Poissonian regime and the cutoff timescale of about
3h can be considered as the fractal onset timescale; (iii) a
scaling region is visible at intermediate timescales from 3h
to about 2.5 days with scaling exponent ∼0.64; (iv) a second
scaling region involves the high timescales from 2.5 days up
to the highest available timescales (around 5yr), with scaling
exponent ∼0.5; (v) the presence of the two scaling regions
indicates the co-existence of two different time dynamics in
the process generating the seismic sequence; it was gener-
ally observed that a two-fold scaling regime with the scaling
exponent in the ﬁrst region (intermediate timescales) higher
than that of the second region (high timescales) is indicative
of aftershock effects (Currenti et al., 2005).
Two surrogate methods have been applied to check the
signiﬁcance of the results generating (i) one hundred Pois-
sonian sequences with the same number and the same mean
intervent time of the original sequence, and (ii) one hundred
shufﬂed sequences with the same interevent interval proba-
bility density function as the original one. To each surrogate
(Poissonian or shufﬂed) the AF method was applied, and for
each timescale the 95th percentile among the AF values of
the surrogates for that timescale were computed. The 95%
conﬁdence AF curve is given by the set of the 95th per-
centiles. Figure 3 shows also the 95% conﬁdence AF curves
for Poissonian (red) and shufﬂed (green) surrogates. The AF
curve of the original sequence is signiﬁcantly above both the
95% conﬁdence AF curves, indicating that the Caucasian se-
quence is not a realization of a Poisson process and that the
time-clustering depends on the ordering of the interevent in-
tervals.
Figure 4 shows the results of the AF method applied to
the declustered catalogue (M ≥ 2.2). Similarly to the whole
sequence, several features can be evidenced: (i) The declus-
tered sequence is not a realization of a Poisson process, in
fact, not only the AF is not ﬂat for any timescale, but is
also signiﬁcantly different from the 95% conﬁdence curve
obtained for 100 Poissonian surrogates (red); (ii) two scal-
ing regions are visible: one involving the timescales from
about 14 days to 6 months with scaling exponent ∼1.53
and the other with scaling exponent ∼2.45 involving the
timescales higher than 1.25yr; (iii) a clear drop of the AF
curve is around 1.25yr, indicating the presence of a cycle
in the temporal ﬂuctuations of the seismicity with period
around 1.25yr; such possible cycle could be linked with the
time ﬂuctuations of the seismicity that could be induced by
different causes, e.g. by the inﬂuence of Enguri high dam
water reservoir (Telesca, 2011). Possibility of such inﬂuence
of quasi periodic reservoir water level variation on the lo-
cal seismicity in western Caucasus was already described
(Matcharashvili et al., 2008). On regional scales presence of
cycles in seismicity with around one year period can also
be explained by seasonal variations of surface loading (snow
melting and precipitation) in mountainous Caucasian region.
Possibility of such yearly variations were documented for
seismicity in Himalayas (see Fig. 3, Bettinelli et al., 2008);
(iv) the high similarity between the AF of the original declus-
tered sequence and 95% conﬁdence AF curve for the shufﬂes
(green) indicates that the time-clustering of the seismicity is
due to the shape of the probability density function of the
interevent times and does not depend on their ordering, con-
trary to the whole sequence; (v) the appearance of the two
scaling regions could be due to the drop at about 1.25yr, in-
dicative of the reservoir-induced seismicity.
4 Conclusions
The time-scaling properties of the 1960–2010 seismicity of
the Caucasus was investigated by using the statistical method
of Allan Factor that permits the detection and quantiﬁca-
tion of time-clustering in point processes. The whole and
aftershock-depleted catalogues show very different scaling
behaviour: The whole sequence is characterized by a two-
fold scaling behaviour with the scaling exponent at interme-
diate timescales lower than that at high timescales, with a
crossover timescale probably linked with the aftershock time
activation; the aftershock-depleted sequence reveals a strik-
ing higher time-clustering degree with the presence of a pos-
sible periodicity, which could be linked with the cyclic dam
operations of Enguri. The surrogate analysis indicate that the
whole catalogue is signiﬁcantly non-Poissonian and that the
time-clustering behaviour depends on the orderings of the
interevent times. Concerning the aftershock-depleted cata-
logue, the surrogate method suggest that it is not modelled
by a Poisson process, but the time-clustering behaviour de-
pends on the probability density function of the interevent
times.
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